The existing Canadian Geodetic Vertical Datum of 1928 (CGVD28) does not meet the needs of the modern user in terms of accuracy and accessibility. As a result, Canada plans to implement a geoid-based and global navigation satellite system (GNSS)-accessible vertical datum by 2013. One of the primary concerns in realizing this new vertical datum is to determine a W 0 value that will represent the potential of the zero height surface. The objective of this study is to evaluate W 0 by averaging the potential of points on the mean sea water surface utilizing tide gauge recordings and gravity eld and steady-state ocean circulation explorer (GOCE)-based global geopotential models. In order to assess the performance of the GOCE-based models for the computation of W 0 , the models are extended with the high resolution gravitational model EGM2008. Regional gravimetric geoid models are also used for the estimation of W 0 . Additionally, local sea surface topography models are utilized in order to validate the W 0 results at the tide gauges. Excluding the Arctic coast, the W 0 values obtained from both tide gauges and oceanic sea surface topography models are not statistically different from the International Earth Rotation and Reference Systems Service (IERS) 2010 global conventional value 62636856.00 m 2 /s 2 . 
Introduction
The Geodetic Survey Division (GSD) of Natural Resources Canada (NRCan) has indicated that the existing Canadian Geodetic Vertical Datum of 1928 (CGVD28), which is currently the official vertical datum of Canada, will be replaced with a geoid-based and global navigation satellite system (GNSS)-accessible vertical datum by 2013, CGVD2013 (Smith et al. 2013 , Ince et al. 2012 ). The U.S. National Geodetic Survey (NGS) plans to do the same though its implementation will not be until 2022 (NGS 2008) . The move to a geoid-based vertical datum is motivated by the fact that the CGVD28 does not satisfy the needs of the modern datum in terms of accuracy and accessibility for precise height determination. The CGVD28 (Cannon (CHAMP; Reigber et al. 2002) , Gravity Recovery and Climate Experiment (GRACE; Tapley et al. 2004) , and Gravity eld and steady-state Ocean Circulation Explorer (GOCE; Drinkwater et al. 2003) , offering unprecedented precision in determining the long and medium wavelength components of the geoid. Speci cally, the European Space Agency's (ESA) GOCE mission, launched on March 17, 2009, is expected to determine gravity anomalies upon its completion with an accuracy of 1 mGal and the geoid with an accuracy of 1-2 cm while achieving a spatial resolution of 100 km. One of the key factors in the implementation of the geoid-based vertical datum in Canada is to have a common datum with the USA, and thus a common geoid model for North America. Therefore, one of the primary concerns in choosing a common geoid model is to jointly agree upon which of the in nitely many surfaces of equal gravity potential will be chosen, i.e., which W 0 value should be chosen as the zero height surface. The determination of the W 0 for the new Canadian vertical datum is therefore the focus of this paper.
The W 0 value can be evaluated by averaging the potentials of points on the mean water surface, which can be computed from the mean sea surface topography that is referenced to an equipotential surface with a known potential. The sea surface topography can be obtained by three methods: 1) combining tide gauge recordings and a geoid model, 2) satellite altimetry sea surface heights and a geoid model, and 3) oceanic models. Generally, sea surface topography models are estimated from satellite altimetry and geodetic measurements, but may also include measurements such as sea water temperature, salinity data, tide gauge observations, and ocean surface drifter velocities (e.g., Rapp and Wang 1994 , Ekman and Mäkinen 1996 , Rio et al. 2004 Haines 2006, Thompson and Demirov 2006 , Foreman et al. 2008 , Anderson and Knudsen 2009 , Maximenko et al. 2009 , Thompson et al. 2009 . In the literature, W 0 has largely been computed globally (excluding the polar regions) using satellite altimetry observations (e.g., Burša et al., 1998; Sánchez 2009 ). To a lesser extent, the geopotential at tide gauges has also been used to determine regional W 0 (e.g. Ardalan 1997, Ardalan et al. 2002) .
For North America, NRCan/GSD and NGS have already adopted the W 0 value of 62636856.00 m 2 /s 2 , which has been determined by averaging the potential values at selected North American tide gauges (Roman and Weston 2012) . Our study focuses on the contribution of the Canadian tide gauges for the evaluation of W 0 with respect to the local mean sea level using sea level data that have been averaged over 19 years with the effects of sea level rise and vertical land motion accounted for. The use of a satellite-only global gravity eld model, such as GOCE, is preferred. However, the effect of the omission errors of the satellite only model may be signi cant at the tide gauge locations along the Canadian coasts and may bias the mean potential of the local mean sea level. Thus, quantifying the approximate omission errors resulting from GOCEonly global geopotential models for the evaluation of W 0 is a focus of this paper. For this reason, W 0 is also computed with the use of high resolution gravity eld models such as CGG2010 and EGM2008 (Pavlis et al. 2012) , and regional oceanic sea surface topography models.
Experimental Procedures
The basic procedure for computing a W 0 value through tide gauge averaging can be outlined as follows: The following section gives an overview of the data used in the determination of the W 0 value for Canada using the averaging of tide gauge data to determine the mean sea level around the Canadian coasts.
Data
The local sea surface topography (SST) at each respective tide gauge must be evaluated in order to nd the potential of the local mean sea level (MSL). The main datasets needed are water level data at tide gauges, geoid undulations from global geopotential models or regional geoid models, and ellipsoidal heights of tidal benchmarks from GNSS. Moreover, W 0 can also be evaluated from oceanographic sea surface topography models, and W 0 obtained from these models can be used to validate results obtained from the tide gauge averaging.
Tide Gauges
In order to obtain a W value that best represents the MSL around the Canadian coastline, a near uniform distribution of tide gauge sites with up to date long-term time series, preferably up to one lunar nodal cycle (i.e., approximately19 years) or multiples of this cycle, would be ideal. This is due to the fact that tide gauge recordings over a time period shorter than 18.6 years will not lead to the evaluation of the MSL according to its rigorous de nition (i.e., the MSL is the zero-frequency component of sea level variation (Ardalan and Safari 2005) ). Hence, the determination of MSL requires the removal of all periodic constituents existing in the tide gauge record, where the longest constituent is the lunar nodal tidal constituent of 18.6 years. Moreover, the 19-year data span will also average out effects of sea levels due to weather such as wind stress, changes in atmospheric pressure, and storm events (Pugh 1987) .
For the scope and objectives of this study, tide gauges in the Canadian Paci c, Atlantic, and Arctic coasts were selected for the determination of the mean W 0 value based on the following criteria: 1. The tide gauge has a corresponding benchmark which has been surveyed with GNSS;
2. The tide gauge benchmark should be in good condition according to the Canadian Hydrographic Service (CHS); and 3. The tide gauge has water level data for 19 years from 1992
to 2011 without signi cant data gaps (i.e., no more than 2-3 years of missing data).
With these criteria, only a small portion of tide gauges were suitable candidates for the determination of W 0 . Speci cally, the Arctic region of Canada was grossly under-represented, with only one station satisfying the above criteria. In order to extend the analysis, especially to the Arctic, tide gauges with at least 12 months of data after 1990 were also included, and the local MSL was computed from monthly water level data obtained from the CHS. The MSL for tide gauges with 19 years of data was evaluated by rst averaging daily water levels to monthly time series, and then from monthly to annual time series, and lastly the 19-year average was computed.
For time series with less than 24 days in a month, the monthly averages were interpolated from neighbouring values (using the nearest neighbour value if only one monthly sea level value was available, or the average of the two nearest neighbour values if two monthly sea level values were available). If the time series had more than 24 days of water level records, the monthly averaged value was computed with the number of daily records available. Similarly, the monthly time series with ve or more months of missing data for annual averages were also interpolated from neighbouring values where possible. The nal list of stations used is given in Table 1 and the geographic distribution of the tide gauges is given in Fig. 1 . There are 38 tide gauges in total, but only 23 of these tide gauges have a full 19-year water level time series. Specifically, there are 12 tide gauges in the Paci c, 10 tide gauges in the Atlantic, and 1 tide gauge in the Arctic that contain 19 years of water level data.
Global Geopotential Models and Regional Geoid Models
Global geopotential models (GGMs) are required in order to obtain the gravity potential at the tide gauge sites. A satellite-only model that is globally consistent is preferred as it will provide a eld to which the averaged Canadian MSL potential can be connected, and it also avoids inconsistencies included in the terrestrial gravity anomalies due to the use of different height datums. There are two main factors that affect the accuracy of the spherical harmonic expansions. The rst is the accuracy of the satellite data, which consist of data errors that propagate into the spherical harmonic coefficients; this is known as commission error and is computed from the error variance-covariance matrix of the GGM.
The second is the omission error, i.e., the gravity eld signal omitted from the GGM due to the use of a maximum degree (n max ) of spherical harmonic expansion. In practice, the omission error of the satellite-only gravity eld models will affect the determination of the potential at each tide gauge, and since the W 0 is based on the averaging of these potential values, the effect of the omission error on W 0 is an important factor to be investigated due to the limited number of tide gauges available. For that reason, regional geoid models based on terrestrial gravity and terrain data are also included in the analysis.
This study focuses on the use of third generation GOCE models (i.e., go_cons_gcf_2_tim_r3 (tim_r3), go_cons_gcf_2_dir_r3 (dir_r3), and goco03s) as they perform better than the previous generations of GOCE models due to the fact that they contain 12 months of GOCE data compared to the 2 or 6 months in the previously released models. For a full summary and description of the available GGMs one may refer to the International Centre for Global Earth Models (ICGEM) website: http://icgem. gfz-potsdam.de/ICGEM/. A complete description about different methods used in the development of GOCE-based models can be found in Pail et al. (2011) .
Sea Surface Topography Models
Three regional sea surface topography models have been utilized in order to validate the mean W 0 results obtained from tide gauge The mean sea surface topography represents the separation between the mean sea surface and an equipotential surface (Foreman et al. 2008) , i.e., the surface of zero motion which is assumed to be represented by the geoid. Therefore, it is essential to know the potential of the geoid surface that was used in the regional SST models. For all three SST models, this surface approaches a value of 62636856.00 m 2 /s 2 . This value can be estimated by uti- 
Methodology
For this study, the potential of a point (W P ) on the mean water surface was computed from the mean SST (i.e., based on a time averaged sea surface, where the periodic effects of the tides are averaged out), which is referenced to an equipotential surface with a known potential W N . The SST is the separation between the MSL and the geoid and can be approximated by the following (Sánchez 2009 ):
where W N is the potential of the geoid (the equipotential surface) and γ P is the normal gravity computed at the geoid with the latitude of the computational point. Based on the geometrical evaluation of the SST from Fig. 3 , the SST at a tide gauge can be expressed
where h is the ellipsoidal height of the tidal benchmark, N is the geoid height, CD is the height of the tidal benchmark above the chart datum, and Z 0 is the height of the local MSL above the chart datum. Equation (2) can be evaluated using either a tide-free system, mean-tide system, or zero-tide system. A tide-free quantity will have the total tidal effects removed, though in practice such a quantity is not fully realizable. Based on the IERS 2010 convention (Petit and Luzum 2010) , it is recommended to use a zero-tide system for geopotential quantities in order to eliminate the external component of the permanent tide, and a mean-tide system that eliminates the periodic variations of the tidal effects for quantities relating to station positions. In our computations the tide-free system has been adopted for the sake of convenience as h and N were given in a tide-free system. The SST in Eq. (3) is converted to a potential difference, which is subtracted from the potential of the equipotential surface W N . Thus, from Eq.
(1) and Eq. (2) the potential at point P can be computed from the following equation:
The mean potential of the water surface (i.e., W 0 ) is computed by the means of the least-squares solution of the system of observation equations evaluated by (3), which is simply the average of all the W P computed at each tide gauge for equally-weighted observations.
Equation (3) describes the case if the SST is evaluated from tide gauge data. On the other hand, if a SST model is used to compute W P by means of the following equation
one has to ensure that the SST models are converted from a meantide system to a tide-free system. This conversion is given in Eq. (5) below (Ekman 1989, Mäkinen and Ihde 2009) :
where SST MT is the sea surface topography given in the meantide system, and ϕ is the latitude of the SST node from the model.
In order to compare the W 0 values obtained from tide gauges and those obtained using sea surface topography models, the SST from the ocean models have been converted to a tide-free system. The difference between using a mean-tide and a tide-free system is 0.5 m 2 /s 2 . Using the 3-sigma test, this difference is smaller than three times the formal error, thus it does not result in statistically different W 0 values. When W 0 is evaluated from SST models, the mean potential is obtained by a weighted average as shown in Eq. (6):
where W P i is the potential of the water surface estimated from a SST node in the model, and ϕ i is the latitude of the SST node from the model. It should be noted that Eq. (6) does not comply with the Gauss-Listing de nition of the geoid (Gauss 1828 , Bessel 1837 , Listing 1873 , and therefore can only be considered an approximation. In order for Eq. (6) to comply with the Gauss-Listing de nition of the geoid (i.e., the equipotential surface of the gravity eld of the Earth that best coincides with the global mean sea level), the weighting should be changed from cos ϕ i to 1/γ i . The cos ϕ i term assigns less weight to higher latitude terms re ecting the fact that SST accuracy decreases with latitude as many SST models assimilate altimetry data; however using 1/γ i in place of cos ϕ i yields essentially the same results (i.e., differences are on the order of 0.01 m 2 /s 2 and this results in a 1 mm error in SST). used was the 20 th century average for North America: 1.8 mm/yr ±0.2 mm/yr (Church et al. 2004 , Snay et al. 2007 , Mazzotti et al. 2008 ). For the Paci c region, the vertical land motion rates are mainly due to seismic variations, and these values were obtained from the GNSS-based rates evaluated by Mazzotti et al. (2008) . For the Atlantic and Arctic region, the vertical land motion rates are primarily due to post-glacial rebound, and these values were interpolated at the tide gauge locations from the Argus and Peltier (2010) GEODVEL1b GPS solution.
Results
The Canadian tide gauges have been split into three different regions: Paci c, Atlantic, and Arctic in order to validate results with those computed from SST models, as the SST models have a variable density of nodes. For example, the Foreman model is more densely distributed than the Wright and Thompson & Demirov models, which will cause the mean W 0 value to be biased as there are more SST nodes in the Paci c than in the Atlantic. All computations have been implemented with the GRS80 ellipsoidal parameters.
W 0 Value Evaluated with GOCE Models Expanded to Degree and Order 180
It is known from model evaluation studies (e.g., Ince et al. 2012 , Hirt et al. 2012 ) that the GOCE models perform well only up to degree and order 180. In this section, the three third generation GOCE models are used up to degree and order 180, and are spectrally enhanced with EGM2008 (Pavlis et al. 2012 ) from degree 181 to 2190 in order to study the effect of the omission error. In the ideal case, as the W 0 is a single averaged value mainly dependent on low-frequency spectral content, the effect of the omission error is not expected to be signi cant. However, as mentioned previously, the effect of the GOCE omission error may be signi cant at the tide gauges. (Pail et al. 2011) . From Table 2 it is evident that the three GOCE models perform similarly. the SST for this region is mostly positive, which is also veri ed by the local SST model for this region (Foreman et al. 2008) . For the Atlantic region, the SST is for the most part negative, thus it is reasonable for the potential to increase with respect to the W N surface used in Eq. (3). Sturges (1967) 
W 0 Value Evaluated with Regional Gravimetric Geoid Models
In this section, results for W 0 evaluated with Eq. (3) using geoid undulations from regional gravimetric geoid models are presented.
CGG2010 is the official geoid model for Canada developed by
NRCan. On the other hand, the gravimetric model developed by Ince et al. (2012) can be considered as an updated model for Canada using the third generation direct GOCE model (i.e., dir_r3)
for the long wavelength contributions of the gravity eld. Both CGG2010 and the model developed by Ince et al. (2012) can be considered high resolution geoid models as they both include terrestrial gravity and topography data in order to model the high frequency components of the gravity eld. The CGG2010 differs in that it uses the goco01s model in order to account for the long wavelength components of the gravity eld in addition to EGM2008 (Huang J., Natural Resources Canada, personal communication, Nov. 29, 2012) . As both gravimetric geoid models use the same terrestrial data to model the high frequency contributions of the gravity eld, it is expected that they will perform similarly when evaluating W 0 and they are also expected to perform consistently with the spectrally enhanced GOCE+EGM2008 models of the previous section. Hence, the gravimetric geoid models in this section provide another measure of the difference in performance of the GOCE only models and that of the high resolution gravity models when evaluating W 0 from tide gauge averaging.
The results from Table 3 are consistent with those results utilizing the spectrally enhanced GOCE models with EGM2008 shown in Table 2 . This is expected as the EGM2008 model also utilizes terrestrial data in order to account for medium to short wavelength contributions of the gravity eld (Pavlis et al. 2012) . The results computed using the gravimetric geoid models help to further highlight the fact that simply utilizing the GOCE models truncated at degree and order 180 is not sufficient for determining W 0 from tide gauge averaging as the omission error affecting the potential at each tide gauge could be potentially large, which will affect the W 0 determination due to the limited number of gauges available. 
W 0 Value with Sea Surface Topography Models
W 0 can also be computed from SST models using Eq. (4) and Eq. (6). These models can help to validate the results of the previous two sections. Table 4 The table shows the breakdown of results for a region closer to the coast and then for that of the deeper ocean, as well as results for SST interpolated to the speci c tide gauge sites in order to validate the results from tide gauge averaging. When using the SST models, the standard deviations are computed as the standard deviation of the sample using Eq. (6).
The results verify the positive SST found in the Paci c and the negative SST found in the North Atlantic (see Fig. 2 Tables 2-4 that the MSL on the Paci c coast averages to be approximately 17-18 cm above the CGVD2013 datum, while it will be 37-38 cm below the CGVD2013 datum in the Atlantic, and the MSL will be approximately 43 cm below the CGVD2013 datum in the Arctic.
Discussion and conclusions
The objective of the paper was to evaluate W 0 from tide gauge averaging and SST models within the context of realizing a new geoid-based and GNSS-accessible vertical datum for Canada in order to replace the outdated CGVD28. One of the main goals of the paper was to assess the performance of the third generation GOCE models for the purpose of computing W 0 in Canada. This was done by evaluating the SST at tide gauges utilizing the three third generation GOCE models truncated at degree and order 180, as above this degree and order the commission error of the models increase signi cantly. Due to the small number of tide gauges, concentrated on the Atlantic and Paci c coasts, available for the evaluation of W 0 , it was expected that the omission error of the GOCEonly models may have a large effect on the computed W 0 value. In order to test this, the GOCE models were spectrally extended with the high resolution gravity model EGM2008 from degree 181 to 2190. Also, the performance of the GOCE only models was compared with that of two other high resolution regional geoid models: CGG2010 and the regional gravimetric geoid model developed by Ince et al. (2012) . It was shown that the omission error averages to 16 cm in the Paci c and 9 cm in the Atlantic, and averages to 13 cm when both Paci c and Atlantic tide gauges are utilized. The second goal of the paper was to validate the results of tide gauge averaging utilizing SST models-similar results were found for both the Paci c and Atlantic coasts whether W 0 was evaluated using SST models or tide gauge averaging.
Factors that affect the quality of the tide gauge data include: data gaps in the water level time series, missing epoch information for the chart datums on both the Paci c and Atlantic coasts, interpolation errors for epoch information for the chart datums, interpolation errors for determining post-glacial rebound velocities at tide gauges, and utilizing MSL values that are based on time series shorter than 19 years. In terms of validating the tide gauge averaging results, the main factor that would affect the W 0 value is the interpolation error of the SSTs at the tide gauges.
In order to nd the W 0 of the local MSL, one needs a 19-year water level time series (or some multiple of this) to ful ll the de nition of the MSL as being the zero-frequency component of sea level variation. If using shorter time series, the variations due to tide and weather may not average out and may be propagated into W 0 . Thus, the requirement of the 19-year average MSL limits the number and the distribution of tide gauges available for determining W 0 at the Canadian coasts. However, shorter time series may be utilized in order to increase the number of tide gauges available, so as to improve the distribution, although in such a case the W 0 value will not re ect properly the potential of the local MSL. Data gaps have been avoided as best as possible by interpolating values from Since the tide gauges used are speci c to Canada only (American tide gauges were not included in the study), the potentials obtained from tide gauge averaging cannot be considered an average for all of North America. Certainly this limitation can be overcome by utilizing SST models to compute W 0 instead of tide gauges. Moreover, the Arctic region lacks SST models, as well as sufficient water level data. Therefore this region cannot be included when computing W 0 , which biases the results primarily to the Paci c and Atlantic coasts in the southern region of Canada. As seen from the results, the mean potential based on tide gauge averaging will be greater than the standard IERS (2010) global value if Arctic tide gauges are to be implemented in the analysis. For this reason, the difference in W 0 results obtained in this study using tide gauge averaging or SST models and the value adopted by NRCan and NGS are not statistically signi cant. It can be seen from Fig. 2 that the SST along the Canadian coastline does not differ much from the SST along the US coastline, with the exception of the Gulf region. In terms of including the deep sea SST values, the potential for the Canadian portion of North America will be greater than that of the USA portion of North America due to the fact that the Northern Atlantic and the Arctic has colder waters and negative SST while the Atlantic along the American east coast has warmer waters due to Gulf Stream, which creates positive SST (see Fig. 2 ).
The main consequence of adopting the IERS 2010 value is that it represents an average over the entire North American continent; it will not re ect the potential of the local MSL along the coast in Canada.
The climate-related change in the mean sea level, i.e., addition of melt water from Greenland, Alaska glaciers, and Canadian ice caps, and the possible expansion of the ocean due to warming of the ocean surface, also affects the W 0 value. Even though, these effects can in uence the W 0 value over a decade and longer, the adopted value for North America is essentially a convention, and not necessarily the exact value of the coastal mean sea level for Finally, it has been shown that the truncation degree of the GOCE models is important. In particular, when comparing the GOCE only models with the regional gravimetric geoids that utilize GOCE and GRACE data to model the long wavelength contributions of the gravity eld, it has been shown that the high frequency contributions from the terrestrial data yield W 0 values that are consistent only with the spectrally enhanced GOCE+EGM2008 models. Hence, we can conclude that the truncation degree and order of 180 is not adequate when evaluating W 0 from scattered tide gauge points in Canada as the higher frequency contribution of the gravity eld is not properly modeled. Additional future work includes computing the W 0 value using future GOCE models expanded to their maximum degree and order provided that a full variancecovariance matrix of the spherical harmonic coefficients are propagated in order to evaluate geoid undulations at each tide gauge as accurately as possible. Our initial investigations for this future work show that when the GOCE models are expanded to their maximum degree and order, the effect of the omission error on the potential evaluated at a tide gauge may still be signi cant. However, the effect of the omission error on the averaged W 0 seems to be negligible for well distributed stations, indicating that the use of a satellite-only global geopotential model may be sufficient for the computation of W 0 in regions with very good coverage and distribution of tide gauge or GNSS levelling benchmarks.
